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Intracellular glutathione influences collagen generation by mesangial
cells. The cellular redox state is altered in a number of pathological
conditions, including various forms of glomerular injury and diabetes. For
example, glucose, via the pentose phosphate pathway generates NADPH,
which maintains glutathione (GSH) (part of a major intracellular reducing
system) in its reduced state. GSH in turn influences the activity of
transcription factors on gene expression. We therefore examined whether
changes in cellular GSH influence total collagen synthesis and mRNA
levels for collagen I, collagen IV and TGF-/3 in SV-40 transformed mouse
mesangial cells (MC) maintained in either 5 or 25 m glucose media.
Total intracellular GSH was increased by N-acetylcysteine (NAC; 10 mM)
or decreased with the GSH synthesis inhibitor buthionine sulfoximine
(BSO; 0.2 mM) in MC. NAC increased 3H-proline incorporation into
collagenase-sensitive protein while BSO decreased it under both glucose
conditions. The presence of BSO did not reverse the increased collagen
synthesis seen in the NAC stimulated cells. Northern blot analysis showed
increased mRNA levels for collagen I, collagen IV and TGF-j3 in cells
grown in high glucose (25 mM). NAC increased the mRNA for all three
compounds while BSO alone had no effect on these mRNA levels.
However, BSO reversed the increased mRNA levels for collagen I, IV and
TGF-/3 seen in the presence of NAC. These findings suggest that the
cellular redox state may influence gene transcription in MC, and may have
implications in explaining injury-associated alterations of mesangial ma-
trix generation.
Glomerular injury is associated with changes in mesangial
matrix generation. In the present study we examined the hypoth-
esis that changes in the intracellular redox potential influence the
generation of collagens and their mRNA levels in cultured
mesangial cells. Glutathione, thioredoxin and their respective
NADPH dependent reductases are major intracellular thiol-
dependent electron transport systems (Fig. 1A) [1, 2]. These
components in turn maintain cysteine residues in their reduced
form, which is important for the functional and structural prop-
erties of cellular proteins [1, 3, 4]. Thus, the catalytic activity of
enzymes that contain essential sulfhydiyl groups and contribute to
collagen synthesis and secretion could be influenced by the
intracellular redox state. In addition, the activity of several
transcription factors controlling gene expression may be under
"redox switch" regulation. For example, the binding of the
Fos/Jun transcription factor to the specific AP-1 DNA sequences
depends on highly conserved cysteine residues [5—7]. Oxidation
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results in inactive Fos/Jun, while reduction to the sulfhydryl state
promotes the binding of Fos/Jun with the DNA and alters gene
transcription [6]. Furthermore, a nuclear protein has been de-
scribed that enhances Fos/Jun interaction with DNA, especially in
the presence of thioredoxin, thioredoxin reductase, and NADPH
[6]. Hence, the cellular redox state as reflected by NADPH,
thioredoxin and glutathione can influence enzymatic activities and
gene expression. The genes for various collagens and TGF-13
might therefore be influenced by an increase in nuclear reducing
equivalents.
These considerations prompted us to evaluate the effects of
changes in the cellular redox state on collagen secretion and
mRNA levels for collagens I and IV and TGF-$3. As experimental
tools we used agents that would alter the cellular redox potential
by changing the glutathione content. N-acetylcysteine (NAC) was
used to provide extra cysteine for de novo glutathione synthesis
(Fig. 1B). Increasing cytosolic glutathione should also favor a
reduced state for thioredoxin and other reducing equivalents.
Buthionine sulfoximine (BSO) was used to deplete cells of
glutathione under basal conditions or after addition of NAC by
blocking the r-glutamylcysteine synthetase (Fig. 1B) [8, 9]. These
experiments were carried out in both regular (5 mM) and high (25
mM) glucose media, since high glucose should enhance NADPH
synthesis by activating the pentose phosphate pathway [4, 10—12].
Our results with mouse mesangial cells cultured short term in
either regular (5 mM) or high (25 mM) glucose media indicate that
increases in intracellular glutathione concentration and hence the
cellular redox state in response to NAC can enhance the gener-
ation of collagens and the expression of collagen and TGF-13
genes. In addition, BSO and NAC can influence collagen secre-
tion independent of changes in mRNA for collagen. These
findings would be consistent with the hypothesis that changes in
intracellular redox potential influence collagen expression. These
observations may apply to understanding mesangial matrix alter-
ations seen after glomerular injury and perhaps also those seen in
diabetes mellitus.
Methods
(32P) deoxycytidine 5'-triphosphate (dCTP) was purchased
from New England Nuclear (Boston, Massachusetts, USA). Pen-
icillin (0.66 mg/ml) Streptomycin (PEN-STREP) (60 mg/ml)
solution, fetal calf serum (FCS) and Dulbecco's phosphate buff-
ered saline (PBS) were from Flow Laboratories Inc. (McLean,
Virginia, USA). Insulin-transferrin-selenium (ITS)M PREMIX
was from Collaborative Research Inc. (Bedford, Massachusetts,
Shan et a!: Glutathione and generation of mesangial matrix 389
Glucose-6-phosphate
I — NADP+
G6PDH
tNADPH
6-Phosphogluconate I?
6PGDHC :: C::D
Ribulose-5-phosphate
Glutamic acid
BSO (—),, 'y-glutamyl
synthetase
Fig. 1. Schematic illustration of the interactions between glucose, NADPH,
cysteine and the cellular redox system.
USA). Dulbecco's modified eagle medium (D-MEM) was from
GIBCO BRL (Gaithesburg, Maryland, USA). Buthionine sulfoxi-
mine (BSO), N-acetyl cysteine (NAC), reduced glutathione
(GSH), nicotinamide-adenine dinucleotide phosphate (NADPH),
5,5'-dithiobis (2-nitrobenzoic acid) (DTNB), oxidized glutathione
(GSSG) reductase and collagenase (type VII) were from Sigma
(St. Louis, Missouri, USA). BSO was crystallized with 100%
ethanol prior to use to yield the active L-S form. NAC was
adjusted to a neutral pH with NaOH.
Culture of mouse mesangial cells
Mouse mesangial cells (MC) transformed with nonreplicating,
non-capsid forming SV-40 virus (strain Rh 911), were provided by
Dr. E. Neilson, University of Pennsylvania. These cells have been
characterized [13]. The MC were maintained in D-MEM medium
with 1% Pen-Strep and 2.5% FCS with twice weekly feedings in a
95% air, 5% CO2 atmosphere. Cells were passaged at weekly
intervals by harvesting with a 0.25% trypsin, 1 mM EDTA solution.
Determination of [3H] thymidine incorporation, total protein and
total glutathione content of MC
[3H] thymidine incorporation into DNA was determined in
cultures of MC grown in 96 well plates as previously reported [14].
Both total protein and total glutathione content (GSH + GSSG)
were evaluated in cells grown on 12 well plates (Costar) for four
days in the insulin-transferrin-selenium containing D-MEM me-
dium with different glucose concentrations, with or without NAC
or BSO added. For total protein quantification, cells were washed
with PBS and then solubilized with 1 N NaOH. Protein was
determined by the BioRad assay using bovine serum albumin as
standard.
Total intracellular glutathione levels were evaluated using the
spectrophotometric assay of Tietze [15] as modified by Anderson
[16]. In brief, media were removed and cells were washed three
times with PBS. Cells were then lysed with 10 mM HCI by repeated
freezing and thawing. The cell lysate was de-proteinized by
sulfosalicylic acid (10%) and centrifugation. Total glutathione
content was then determined by the DTNB-GSSG reductase
recycling assay [161.
All results are given as means SEM. Statistical analysis was
done using an unpaired i-test or paired t-test with or without
Bonferoni modification as appropriate.
Collagen assay
Collagen secretion was determined by [3H] proline incorpora-
tion into collagenase-sensitive protein [17]. Mesangial cells were
grown in 12 well plates in D-MEM medium, 2.5% FCS and 1%
Pen-Strep solution for two to three days until they reached
approximately 50% confluence. The medium was then changed to
D-MEM with ITS (insulin, 5 g/ml; transferrin, 5 j.gIml; selenous
acid, 5 ng/ml) and either regular glucose (5 mM) or high glucose
(25 mM) for four days. The cells were exposed to media containing
[3H] proline (15 i.tCi/ml) and beta-aminopropionitrile (/3-APN) a
cross-link inhibitor (60 g/ml) for a 24-hour incubation period in
the presence or absence of NAC or BSO. After this 24 hour
incubation, the medium containing secreted, non-cross-linked
collagen was removed, and the medium proteins precipitated
either with trichloracetjc acid (final concentration 5%) or with 5
volumes of ETOH containing 3% BSA at 4°C. The samples were
centrifuged, the pellet washed with ethylether (to extract TCA) or
with ethanol, and then resuspended in 50 m'vi Tris buffer containing
CaC12 (1 mM) and N-ethylmaleimide (NEM, 4 mrvi). The samples
were then digested with 20 units of collagenase (type VII, Sigma)
(90 mm, 37°C) and the solution reprecipitated with TCA. The
radioactivity of the supernates (containing collagenase-sensitive
proteins) and of the pellet (non-collagenous proteins) were
determined by liquid scintillation counting. We have previously
verified that the collagenase-sensitive proteins represent collagen
[18]. In some experiments cellular DNA content per culture well
was determined as previously reported in detail [18].
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Fig. 2. Effects of increasing glucose in the culture media of mesangial cells
from 5 to 25 mst. The y axis represents [3H] proline incorporation into
collagenase-sensitive protein shown as CPM/culture well. Nineteen sets of
experiments were performed. * P < 0.001 for 25 m vs. 5 m glucose.
Northern blot analysis of matrix components
The steady state levels of mRNA for collagen I, collagen IV,
TGF-j3, GAPDH and 18S ribosomal RNA were evaluated in cells
grown on 100 mm culture dishes for four days in D-MEM/ITS
medium containing either 5 m or 25 m glucose. When used,
BSO or NAC were present during the last 24 hours of the four day
period prior to RNA extraction. Total RNA was extracted from
the cells [19] and samples of 20 jtg were then used for Northern
blot analysis. Specifically, after electrophoresis on a 1% agarose
gel, the RNA was transferred to nylon filters [20]. Labeling of the
cDNA probes specific for alpha 2 (I) procollagen [21], collagen IV
(alpha 1 chain) [22], TGF-J31 [23], GAPDH [24] and 18S ribo-
somal RNA was accomplished by random-prime transcription
using [32P]-dCTP [25]. Nylon filters were prehybridized (65°C, ito
3 hrs) in a solution containing 1 M NaC1 and 1% SDS, and then
hybridized with the labeled cDNA probes for 16 hours. The filters
were washed to high stringency (0.iX SSPEI1% SDS) and auto-
radiography with intensifying screens (—70°C) was performed.
Hybridization of the specific mRNAs was quantitated by laser
densitometry. Hybridization for GAPDH and for 18S ribosomal
RNA were used to normalize for any differences in RNA loading.
Results
Effects of glucose on collagen production by mesangial cells
In the experiments evaluating the effects of glucose and exper-
imental agents, MC were grown in D-MEM with insulin (5 g/ml)
transferrin (5 g/m1) selenous acid (5 ng/ml) and 1% Pen-Strep.
This medium was chosen to eliminate any components of fetal calf
serum as variables and to guarantee a defined concentration of
insulin. In preliminasy experiments we established that the trans-
formed mouse MC grew well in the ITS medium when compared
to D-MEM alone or D-MEM with 2.5% FCS. Specifically, [3H]
thymidine incorporation for six determinations reported as mean
SEM of CPM/well showed: D-MEM only, 15,600 4,300;
D-MEM + 2.5% FCS, 110,700 17,200; D-MEM + ITS, 75,950
10,500. Changing the glucose concentration in the D-MEM/ITS
medium from regular (5 mM) to high (25 mM) did not significantly
alter cell number after four days of culture as determined by total
DNA content per culture well (regular glucose, 493 4 ng
DNA/well; high glucose, 437 6; means SEM of 4 sets of
experiments, each determined in duplicate). Total cell protein per
culture well was also comparable between regular (452 41 tg
protein/well) and high glucose media (456 24 g protein/well).
In spite of the equal cell number and cell protein content, MC
grown in high glucose media for four days secreted more collag-
enase-sensitive protein (collagen) into the medium during a 24
hour period (Fig. 2). Incorporation of [3H] proline into collage-
nase-insensitive proteins was not different between cells grown in
regular or high glucose media (5 ms, 7860 220 CPM/well vs. 25
mM, 8310 500 CPM/well; N = 4 experiments, each in duplicate).
Effects of experimental agents on total glutathione content of
mesangial cells
Glutathione represents the major cytosolic redox system. N-
acetylcysteine (NAC) has been reported to increase intracellular
glutathione by providing cysteine for de novo glutathione synthesis
[9]. Incubation of MC with NAC (10 mM) for 24 hours increased
cellular glutathione content under either regular (5 mM) or high
(25 mM) glucose culture conditions (Fig. 3). It should be noted
that the assay employed measures total glutathione content, that
is, both reduced and oxidized glutathione [16]. Changes in the
ratio of reduced to oxidized glutathione would not be detected by
this method. The addition of NAC for the final 24 hour period had
no effect on the amount of cell protein per culture well under
regular glucose (control, 418 69 g protein/well; NAC, 395
44 j.tg) or high glucose conditions (control, 432 31 g; NAC, 409
42 g; N = 5).
To lower total cellular glutathione content we employed buthi-
onine sulfoximine (BSO), an agent that inhibits the r-glutamyl
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Fig. 3. Effects of 24 hour addition of n-aceiyl-cysteine (10 mMNAC) on total
glutathione content (denoted as GSH in the figure) of mesangial cells (MC)
cultured in 5 or 25 m glucose media. Results are means SEM of four
series of experiments at 5 m and 25 m glucose.
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Fig. 4. Dose-response curve for buthionine sulfoximine (BSO) on total
glutathione content (denoted as GSH) of mesangial cells (A) and time course
of 0.2 mivi BSO on total glutathi one content are shown (B). Representative
results from one of two comparable experiments are depicted. ND is not
detectable.
cysteine synthetase and thereby de novo glutathione formation
(Fig. 1). BSO caused a dose and time dependent decline of
intracellular glutathione (Fig. 4 A, B, respectively). For the
subsequent experiments we employed 0,2 mivr BSO for 24 hours,
which caused comparable declines of glutathione content in MC
grown at regular (5 mM) or high (25 mM) glucose concentrations
(Fig. 5). BSO also prevented the NAC induced rise in cellular
glutathione content as expected from its inhibitory action on
r-glutamyl cysteine synthetase (Fig. 1) (control, 69 6; NAC, 118
19; BSO, 30 18; BSO + NAC, 27 20 nmol glutathione/mg
protein; N 3). The addition of BSO did not change the amount
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Fig. 5. Effects of addition of BSO (0.2 mM) for 24 hours on totalgiutathione
content (denoted as GSH) of mesangial cells (MC) cultured in 5 or 25 mM
glucose media. Results are means SCM for four series of experiments. *p
<0.05 vs. control.
of cell protein per culture well (control, 418 69 g protein/well;
BSO, 426 54 g protein/well, N = 5).
Effects ofNAC and BSO on collagen secretion by mesangial cells
We employed NAC and BSO to examine whether manipulating
the cellular redox state would influence collagen synthesis by MC
grown in regular or high glucose media. Increasing cellular
glutathione by addition of NAC to the medium (10 m for 24 hr)
significantly enhanced collagen production by MC under regular
and high glucose conditions (Fig. 6A). In contrast, decreasing
cellular glutathione by BSO significantly lowered collagen synthe-
sis by MC grown in either regular or high glucose medium (Fig.
6B). No change in the synthesis of non-collagenous protein was
seen in response to either NAC or BSO.
Exogenous NAC could enhance the cellular redox state by
providing cysteine for de novo glutathione synthesis but could also
act by providing excess cysteine resulting in glutathione indepen-
dent effects on collagen synthesis and secretion. BSO should only
interfere with NAC-induced effects that are secondary to en-
hanced de novo synthesis of glutathione but not with other
potential effects of NAC (Fig. 1). In preliminary experiments we
had verified that cellular glutathione content remained sup-
pressed when cells were pretreated with both BSO and NAC as
compared to NAC or BSO only. We then examined the influence
of NAC and BSO in combination on collagen synthesis by MC, As
shown in Figure 7, NAC alone enhanced [3HJ proline incorpora-
tion into collagenase sensitive proteins under regular and high
glucose conditions while BSO decreased collagen synthesis. The
enhancement of collagen synthesis by NAC was not prevented by
BSO in either regular (5 mM) or high (25 mM) glucose media.
Thus NAC overcame the inhibition of collagen secretion caused
by BSO. This occurred in spite of the low intracellular glutathione
levels in the presence of NAC and BSO. These results indicate
that NAC can also influence collagen synthesis in a manner
independent of its effect on cellular glutathione levels.
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secretion by MC maintained for four days in high glucose (Fig. 2)
and confirm published results by others [27]. Addition of NAC for
24 hours to the media increased the mRNA levels for collagen I
by 1.6 0.2-fold (P < 0.01, N = 6) under regular glucose and 1.5
0.3-fold (P < 0.05, N = 4) under high glucose conditions. Levels
of mRNA for collagen IV and TGF-13 also tended to increase by
_____
40 to 60% after NAC pretreatment of MC under either regular or
high glucose conditions (N = 3; Fig. 9). In contrast to the effect of
BSO pretreatment to decrease collagen secretion (Fig. 6B), BSO
had no reproducible effects on mRNA levels for collagen I and IV
and TGF-J3 in MC grown under either regular (N = 7) or high
glucose (N = 3) conditions. A representative Northern blot is shown
in Figure 9. No changes in mRNA levels for GAPDH were noted.
There was also no change in 18S ribosomal RNA. Thus increasing
cellular glutathione with NAC increases mRNA levels for colla-
gen I and IV and TGF-13. In contrast, lowering cellular glutathi-
one levels by BSO had no effect on mRNA levels in MC grown
under either regular or high glucose conditions. We next exam-
ined whether BSO would be able to suppress the effect of NAC on
mRNA levels for collagen, as would be expected if the effect of
NAC on mRNA levels was predominantly due to enhanced
glutathione synthesis. While BSO alone had no effect on mRNA
levels, BSO prevented the increase in mRNA for collagen I and
IV and for TGF-13 in response to NAC (Fig. 9). This would be
consistent with, though not proof for, a role of glutathione in
mediating the NAC-induced changes in mRNA levels for collagen
I and IV and TGF-f3. The discrepancies between collagen secre-
tion (Fig. 7) and mRNA levels (Fig. 9) would also indicate that
both NAC and BSO have effects on collagen secretion that are
independent of mRNA levels for collagen.
Discussion
The present experiments were designed to test the hypothesis
that changes in cellular redox potential can influence the secretion
of collagen and mRNA levels of collagen I and IV and TGF-/3 in
mouse MC. Our results show that addition of NAC which
enhances the cellular content of glutathione, increases the secre-
tion of collagen and the mRNA levels of collagen I and IV and
TGF-13 in MC maintained under either regular or high glucose
conditions. On the other hand, decreasing cellular glutathione by
the r-glutamyl cysteine synthetase inhibitor BSO decreases colla-
gen secretion, but does not influence mRNA levels for collagen I
or IV or TGF-13. Finally, while BSO prevents the NAC-induced
increase in mRNA for collagen I and IV, it does not alter the
increased collagen synthesis in response to NAC. Taken together
these results indicate that increasing the cellular glutathione
content enhances steady-state mRNA levels for collagen I and IV.
However, collagen secretion can also be influenced independently
at post-transcriptional levels by NAC and BSO. Thus changes in
the cellular redox state may influence collagen synthesis at
multiple levels.
Recent experiments have shown that the expression of a
number of genes can be influenced by the intracellular and
intranuclear redox state [6]. In part this has been related to
changes in the activity of several DNA-binding transcription
factors, including those of the AP-1 family [6]. Redox-induced
changes in the interaction of transcription factors with their
specific DNA binding sites could then alter the expression of the
respective genes. Furthermore, changes in the cellular redox state,
*
-r
-1-I
Cont I:Cont
A
g 30000
C
C) 25000
20000C
15000
10000
ci)
ci) .C
=u, 5000OC
0
g 25000
C
cI)Q)
20000
15000o
10000
00.
ci)
5000
IC,
5mM 25mM
B Glucose Glucose
5mM 25mM
Glucose Glucose
Fig. 6. Effects of 24 hour addition of n-acetylcysteine (NAC; 10 mM) (A) or
buthionine sulfoximine (BSO; 0.2 mM) (B) on [3H] proline incoiporation
into collagenase-sensitive protein secreted by mesangial cells cultured in 5 or
25 mM glucose media. Results are means SEM of 10 series of experiments.
< 0.01 as compared to the respective controls.
Effects of glucose, NAC, and BSO on mRNA levels
We performed Northern blot analysis in order to evaluate
whether the observed changes in collagen synthesis were associ-
ated with parallel changes in mRNA levels for collagen I and
collagen IV. We also probed for mRNA of TGF-f3, as this
cytokine influences collagen production [26]. The constitutively
expressed mRNA for GAPDH or 18S ribosomal RNA served as
control to equalize for potential differences in RNA loading of the
blots. The mRNA levels were quantitated by laser densitometty
and corrected for their respective GAPDH or 18S RNA readings.
Maintaining MC in high glucose media for four days increased
mRNA levels for collagen types I and IV (Fig. 8). By densitometry
and normalized for mRNA levels of GAPDH, this amounted to a
1.4-fold (P < 0.01, N = 7) increase in mRNA for collagen I and
a 1.6-fold increase for collagen IV (P < 0.01, N = 4). Levels of
mRNA for TGF-p were also slightly but consistently increased
(20%, P < 0.05; N = 6) in MC maintained in high glucose media
(Fig. 8). These results are consistent with the increased collagen
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particularly in reduced glutathione and thioredoxin, could influ-
ence post-transcriptional events and hence the activity of numer-
ous enzyme systems [1, 3, 4]. We wondered whether some of the
effects of high glucose on matrix production might be related to
glucose-induced changes in the cellular redox state. Elevating
glucose has been described to increase the NAD(P)H/NAD(P)
and reduced/oxidized glutathione (GSHIGSSG) ratios [4, 10—12].
We therefore manipulated the redox state by addition of NAC or
BSO. Direct measurements of total cellular glutathione confirmed
that NAC increased and BSO decreased total glutathione content.
The assay that we employed measures total cellular glutathione
(that is, the sum of reduced and oxidized glutathione) which does
not allow us to make statements about the reduced/oxidized ratio.
It is, however, reasonable to assume that NAC will enhance the
glutathione redox state and that BSO will decrease it. Such
alterations in glutathione might in turn influence the thioredoxin
system and related intranuclear redox systems. In fact, increasing
intracellular glutathione by NAC increased steady-state mRNA
levels for collagen I and IV and for TGF-/3 under both regular and
high glucose culture conditions. These findings would be consis-
tent with NAC induced changes in transcriptional activity for
these genes. However, this remains speculative as we did not
perform nuclear run-on experiments to evaluate transcriptional
rates. We judged the changes in mRNA levels to be too modest
for reliable detection by nuclear run-on experiments. Further-
more, the mRNA for collagen I and IV and TGF-13 are rather
stable, and have not been reported to be subject to post-transcrip-
tional modifications.
The observation that BSO prevents both NAC-induced in-
creases in cellular glutathione and in mRNA for collagen and
TGF./3 could be interpreted in favor of a link between glutathione
Fig. 8. Representative Northern blots for alpha 2 chain of type I collagen
and hence the redox state and expression of these genes. The fact (Coil I), alpha 1 chain of type JJ/ collagen (Coil IV), TGF-f3 and GAPDH in
that BSO alone did not lower the mRNA levels for collagens or MC grown in either 5 miii or 25 m glucose medium.
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TGF-p does not necessarily argue against this interpretation.
While BSO decreases cellular glutathione, BSO would not have
effects on other important reducing equivalents, such as thiore-
doxin or nuclear reducing proteins. In fact the redox state of such
proteins might be enhanced since a decline in glutathione content
would leave more NADPH available to maintain other redox
proteins in a reduced form. Future experiments will have to
address the question whether the observed changes in mRNA
levels can be related to changes in the activity of specific tran-
scription factors.
Clearly not all observed effects of NAC and BSO on collagen
synthesis can be explained by changes in mRNA levels. BSO had
no effect on mRNA levels for collagen I and IV, but decreased
collagen secretion, On the other hand, NAC enhanced collagen
secretion even in the presence of BSO, that is, under conditions
where there was no increase in glutathione or mRNA levels. Most
likely NAC may have glutathione-independent effects on collagen
secretion, possibly by acting directly as a thiol reducing agent and
thus influencing collagen synthesis and secretion. These consid-
erations point out the limitations of interpreting results with
experimental agents that influence intracellular thiols, as the
functions of many cellular proteins are dependent on reduced
cysteine groups [2]. In spite of these limitations we believe that
our basic observations that changes in the cellular redox state can
influence collagen secretion and expression by MC may be of
interest in situations of glomerular injury. At this point, it remains
speculative if they may also pertain to diabetes mellitus. Short-
term elevation of glucose can enhance the cellular redox state by
activation of the pentose phosphate pathway and generation of
NAD(P)H. As demonstrated in our experiments, an increased
redox state can enhance collagen production. Thus glucose-
induced NAD(P)H generation may play a role in the enhanced
matrix generation observed in high glucose cell culture and in
early experimental diabetes [27—301. On the other hand, long-term
diabetes leads to chronic oxidative stress and a depletion of the
cellular redox state [31, 32]. This in turn would decrease further
matrix generation, which may be one of multiple reasons for an
eventual decrease in matrix production with prolonged diabetes
[18, 33]. Future studies will be required to further evaluate the
potential link between high glucose, changes in cellular redox
state and collagen generation.
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